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Abstract 
Corn production in the US Midwest has the potential to generate a large amount of crop residue for 
bioenergy production. However, unconstrained harvesting of crop residues is associated with a long-term 
decline in soil quality. Biochar applications can mitigate many of the negative effects of residue removal 
but data and economic analyses to support decision making are lacking. To explore sustainable and 
profitable practices for residue harvesting in central Iowa we used 11 years of soil, crop yield, and 
management data to calibrate the Agricultural Production Systems sIMulator (APSIM) biochar model. We 
then used the model to evaluate how different biochar types and application rates impact productivity and 
environmental performance of conventional corn and corn-soybean cropping systems in Iowa under 
different N fertilizer application rates and residue harvesting scenarios. A cost-benefit analysis was also 
employed to identify the economically optimal biochar application rate from both producer and societal 
perspectives. Modeling results showed for both continuous corn and corn-soybean rotations that as 
biochar application rate increased (from 0 to 90 Mg ha-1) nitrate leaching decreased (from 2.5 to 20 %) 
and soil carbon levels increased (from 8 to 115 %), but there was only a small impact on corn yields (from 
–2.6 to 0.6 %). The cost-benefit analysis revealed that public benefits, evaluated from decreased nitrate 
leaching and increased soil carbon levels, significantly outweighed the private revenue accrued from crop 
yield gains, and that a biochar application rate of 22 Mg ha-1 was more cost-effective (per ton) compared 
to higher biochar rates. Overall, this study found that applying biochar once at a rate of 22 Mg ha-1 allows 
for the sustainable annual removal of 50% of corn residue for 32 years, is profitable for farmers even with 
minimal impact on grain yield, and beneficial to society through reduced nitrate leaching and increased 
soil organic carbon levels. 
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14 Abstract 
15 
16 Corn production in the US Midwest has the potential to generate a large amount of crop residue 
17 for bioenergy production. However, unconstrained harvesting of crop residues is associated with 
18 a long-term decline in soil quality. Biochar applications can mitigate many of the negative 
19 effects of residue removal but data and economic analyses to support decision making are 
20 lacking. To explore sustainable and profitable practices for residue harvesting in central Iowa we 
21 used 11 years of soil, crop yield, and management data to calibrate the Agricultural Production 
22 Systems sIMulator (APSIM) biochar model. We then used the model to evaluate how different 
23 biochar types and application rates impact productivity and environmental performance of 
24 conventional corn and corn-soybean cropping systems in Iowa under different N fertilizer 
25 application rates and residue harvesting scenarios. A cost-benefit analysis was also employed to 
26 identify the economically optimal biochar application rate from both producer and societal 
27 perspectives. Modeling results showed for both continuous corn and corn-soybean rotations that 
28 as biochar application rate increased (from 0 to 90 Mg ha-1) nitrate leaching decreased (from 2.5 
29 to 20 %) and soil carbon levels increased (from 8 to 115 %), but there was only a small impact 
30 on corn yields (from –2.6 to 0.6 %). The cost-benefit analysis revealed that public benefits, 
31 evaluated from decreased nitrate leaching and increased soil carbon levels, significantly 
32 outweighed the private revenue accrued from crop yield gains, and that a biochar application rate 
33 of 22 Mg ha-1 was more cost-effective (per ton) compared to higher biochar rates. Overall, this 
34 study found that applying biochar once at a rate of 22 Mg ha-1 allows for the sustainable annual 
35 removal of 50% of corn residue for 32 years, is profitable for farmers even with minimal impact 
36 on grain yield, and beneficial to society through reduced nitrate leaching and increased soil 
37 organic carbon levels. 
38 
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41 1. Introduction 
42 The US Midwest is one of the largest and most productive agricultural regions globally; 
43 producing nearly one-third of the world’s corn (Zea mays L.) and soybean (Glycine max L.) 
44 crops (FAOSTAT, 2015). In Iowa specifically, corn for grain is planted on nearly 5.7 million 
45 hectares and soybeans on more than 3.6 million hectares (USDA NASS, 2016), covering roughly 
46 80% of the landscape (Newton and Kuethe, 2015). As the number of hectares devoted to 
47 growing corn and soybean has increased in response to rising feed, fuel, and food demand, 
48 cropping system diversity has largely been eliminated (Liebman et al., 2013). This has 
49 potentially negative consequences as more diverse systems that include long-term rotations are 
50 well known to have widespread benefits for soil and environmental quality (Giller et al., 1997; 
51 Karlen et al., 2006; Russell et al., 2006; Davis et al., 2012; Lal, 2015; Aller et al., 2017). 
52 
53 Additionally, the shift to finding alternative energy sources has meant corn residue is becoming a 
54 high value product. A US Department of Energy report in 2005 estimated biomass recovered 
55 from crop residues could significantly contribute to US energy production (Perlack et al., 2005). 
56 Specifically, Iowa farms produce the highest concentration of corn residue, independent of 
57 management scenario, for bioenergy production nationwide (Graham et al., 2007). However, 
58 residues left in the field have many positive impacts on soil and ecosystem functioning 
59 including: maintaining soil organic matter (SOM) levels, reducing soil erosion by wind and 
60 water, and increasing soil microbial activity and sequestering carbon (Wilhelm et al., 2007; Lal 
61 and Pimentel., 2007; Blanco-Canqui and Lal, 2009; Laird and Chang, 2013). Soil quality and 
62 long-term agricultural productivity will be negatively impacted if crop residues are continuously 
63 removed in an unsustainable way (Wilhelm et al., 2004; Laird and Chang, 2013). Some of the 
64 potential negative effects of residue removal, however, could be offset through the incorporation 
65 of soil amendments. Biochar, the charcoal like co-product of biomass pyrolysis, is a soil 
66 amendment that can enhance soil quality and agricultural productivity while simultaneously 
67 sequestering carbon (Laird et al., 2009; Lehmann and Joseph, 2015). 
68 
69 The wide range of options for residue management and the complexity, uncertainty, and long 
70 time-scales underpinning the outcome of these options makes it difficult to develop sound 
71 residue management strategies for optimizing the agronomic and environmental benefits based 
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72 purely on experimental studies. Agro-ecosystem models that integrate multiple factors 
73 influencing residue C and N dynamics over both short- and long-time scales are capable of 
74 predicting and explaining complex interactions between soil-crop processes and hence can 
75 facilitate a systems level of understanding (Thorburn et al., 2005). The Agricultural Production 
76 Systems sIMulator (APSIM, Keating et al., 2003; Holzworth et al., 2014) is such a model. The 
77 APSIM model has been successfully used to simulate various aspects of cropping systems in 
78 Iowa (Malone et al., 2007; Archontoulis et al., 2014a,b; Basche et al., 2016; Dietzel et al., 2016; 
79 Martinez-Feria et al., 2016; Togliatti et al., 2017). 
80 
81 Recently, a biochar model was developed for the APSIM platform (Archontoulis et al., 2016) to 
82 simulate the effects of biochar amendments and to enhance understanding of biochars’ long-term 
83 impacts on agro-ecosystem performance. Initial biochar model testing using field experimental 
84 data that contained various biochar application rates (Rogovska et al., 2014) showed very good 
85 agreement between simulations and experimental observations (Archontoulis et al., 2016). 
86 However, additional testing of the biochar model is needed before it can be used for scenario 
87 analysis and agricultural assessments to support decision-making. 
88 
89 The specific objectives of this study were to 1) to calibrate the APSIM biochar model for 
90 predicting the impact of biochar amendments on corn grain yields and soil organic carbon (SOC) 
91 levels for continuous corn and corn-soybean cropping systems in central Iowa, and 2) to use the 
92 calibrated biochar model to evaluate the long-term (32-years) effects of different biochar types 
93 and application rates on grain and biomass productivity and environmental performance of corn 
94 and corn-soybean cropping systems under different management scenarios that include varying 
95 nitrogen application and residue removal rates. We hypothesized that biochar applications can 
96 offset the negative effects of residue harvesting on SOC levels, while not impacting corn yields. 
97 
98 
99 2. Materials and Methods 
100 2.1. Dataset and Measurements 
101 The experimental dataset used to calibrate the model was from a crop rotation experiment 
102 conducted at Iowa State University’s Sorenson Research Farm in Boone County, IA from 2006- 
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103 2016. A continuous record (11 years) of end-of-season grain yields, detailed yearly management 
104 records and periodic soil organic carbon data were available (for details see Aller et al., 2017). 
105 
106 The overall field experiment was arranged in a completely randomized block design with split 
107 plots that included five different crop rotations: continuous corn, corn-soybean, corn-soybean- 
108 triticale/soybean-corn-soybean-triticale/soybean,       corn-corn-corn/switchgrass-switchgrass- 
109 switchgrass-switchgrass, and continuous switchgrass. Rotations were in a six-year cycle with all 
110 phases of each rotation present every year in four replicate blocks and with complete removal of 
111 aboveground biomass from all plots containing corn, switchgrass, and triticale every year. 
112 Biochar was applied on one-half of the 192 split plots over four consecutive years (2012, 2013, 
113 2014, and 2015) following the corn-phase of each rotation. A slow-pyrolysis hardwood biochar 
114 (number 10 granular charcoal, Royal Oak Enterprises, LLC., Roswell, GA) was applied at a rate 
115 of 22.4 t ha-1 and was incorporated to a depth of 20 cm with a single pass of a rotary tiller. 
116 
117 Two of the five cropping systems are considered in this study, the continuous corn (CC) and 
118 corn-soybean (CS) rotation. We chose these two systems because together they comprise 93% of 
119 the cropping systems in Iowa (USDA NASS, 2016) and the corn and soybean models in APSIM 
120 have been well tested in this environment (Archontoulis et al., 2014a,b; Basche et al., 2016; 
121 Dietzel et al., 2016; Puntel et al., 2016; Martinez-Feria et al., 2016; Togliatti et al., 2017). 
122 Biochar applications made in 2012, 2013, and 2014 for the CC system and in 2012 and 2013 for 
123 the CS rotation system were included in the model calibration effort. 
124 
125 Daily weather information to drive APSIM simulations were retrieved from the Iowa 
126 Environmental Mesonet (2017), which reports data from a weather station approximately 2 km 
127 north of the field site. The baseline soil profile used in the model was the Clarion soil series 
128 (Fine-loamy, mixed, superactive, mesic Typic Hapludolls) as this is the dominant soil series at 
129 the site. Soil parameters obtained from the soil survey database (USDA NRCS, 2017) were 
130 adjusted based on analysis of samples collected from the field site (Aller et al., 2017). Parameters 
131 adjusted included the drained upper limit (DUL), lower limit (LL), saturation point (SAT), bulk 
132 density (BD), and soil organic carbon (SOC) content. We used the average of SOC 
133 measurements for all 0-30 cm samples collected from no-biochar plots between 2006-2016. The 
6  
134 SOC values for the sub-soil (30-220 cm) and DUL, LL, and BD values for the entire soil profile 
135 were based on analysis of deep cores collected in 2016 (unpublished data). The soil profile 
136 parameter values can be found in the supplementary material (Tables S1 and S2). 
137 
138 2.2. The APSIM model - initialization and calibration 
139 The APSIM model version 7.9 was used in this study along with the following component 
140 models: corn and soybean crop models (Wang et al., 2002; Keating et al., 2003), Soil N (soil N 
141 and C cycling model with the default soil temperature model; Probert et al., 1998), SoilWat (a 
142 tipping bucket soil water model; Probert et al., 1998); SURFACEOM (residue model; Probert et 
143 al., 1998; Thorburn et al., 2001, 2005); and the biochar model (Archontoulis et al., 2016). 
144 
145 Management practices specified for each crop within APSIM included rules for crop rotations, 
146 tillage, biochar tillage (to incorporate the biochar immediately after application in the plots and 
147 years applicable), sowing, fertilizing, and harvesting. Nitrogen fertilizer was applied at a rate of 
148 190 kg ha-1 annually for continuous corn and 135 kg ha-1 in corn years only for the corn-soybean 
149 rotation. A 110-day relative maturity corn hybrid and a maturity group 2 soybean variety were 
150 used. 
151 
152 To initiate the SOC and soil N pools across the profile, we ran simulations for 6-years prior to 
153 the start of the analyzed simulations, similar to Dietzel et al. (2016). The initial 6-years of 
154 simulated data were excluded from model analysis and corn yield and SOC values were output. 
155 Soybean yields were not analyzed in this study. 
156 
157 During model calibration we replaced annual seeding rates (targets) with plant stand counts 
158 measured in the field. This additional management information substantially improved 
159 agreement between measured and predicted corn yields because the model assumes that the 
160 number of plants sown equals the number harvested. It does not account for plant losses between 
161 sowing and harvest due to management practices (e.g., poor germination) or environmental 
162 factors (e.g., frost). To improve simulation of grain yields we adjusted the following maize 
163 model cultivar specific parameters: 1) time from emergence to the end of vegetative stage was 
164 increased from 214 to 250 growing degree days (GDD), 2) time from flowering to maturity was 
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165 decreased from 885 to 820 GDD, 3) time from flowering to the start of grain fill was increased 
166 from 150 to 170 GDD, and 4) time from maturity to ripening was increased from 1 to 180 GDD 
167 (see also Table S4). The same corn cultivar was used in every year of the simulation. In the field, 
168 different corn hybrids were used but all of them had the same relative maturity. Also, no changes 
169 were made to the parameter values in the soybean, soil water, and nitrogen models. 
170 
171 The simulation process was continuous, without annual reset. A total of 96 simulations were 
172 performed for the CC and CS systems, which included 48 plots with biochar and 48 plots 
173 without biochar. We ran the model on a plot by plot basis because biochar was applied to 
174 different subplots over a four year period, as described previously (for details see Aller et al., 
175 2017). 
176 
177 The biochar model was included in simulations for plots where biochar was applied. Within the 
178 biochar model we added the following management information: timing of application, amount 
179 of biochar applied, depth of biochar incorporation; and the following measured soil and biochar 
180 parameter information: sand and clay content, biochar carbon fraction, biochar labile fraction, 
181 and biochar C:N ratio (Aller et al., 2017). All other biochar parameter values were derived from 
182 Archontoulis et al. (2016). All biochar parameter values are presented in the supplementary 
183 material (Table S3). 
184 
185 2.3. Model performance evaluation 
186 Agreement between simulated and measured values was assessed using the root mean square 
187 error (RMSE), relative root mean square error (RRMSE), and modeling efficiency (ME) 
188 statistics. 
189 
 
190 
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195 
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196 where N is the total number of observations, S is the simulated value, O is the measured value, 
197 and Oavg is the average of the measured values. Lower values of RMSE and RRMSE indicate 
198 better model fit, as they provide the absolute and relative error between the simulated and 
199 measured values, respectively. Modeling efficiency (scale <0-1), which describes the average 
200 model performance across all observations (Archontoulis and Miguez, 2015), was determined as 
201 an indicator of overall goodness of fit. Modeling efficiency is useful when comparing model 
202 performance between different datasets because it normalizes the data (Wallach, 2006). 
203 
204 2.4. Model application 
205 The calibrated model was used to investigate the long-term (32-years) impacts of biochar 
206 application on corn yields, SOC levels, and NO3 leaching under various management conditions 
207 for CC and CS systems. Nitrate leaching was defined as the amount of nitrate leached below 1.5 
208 meters, the typical root zone for corn and soybean crops in Iowa (Ordonez et al., 2017). 
209 Specifically, the factorial simulation experiment evaluated three different nitrogen application 
210 rates (75, 150, and 225 kg N ha-1), three residue removal rates (0, 50, and 90 % removal), four 
211 biochar application rates (0, 22, 45, 90 Mg ha-1), two biochar types (hardwood, slow pyrolysis 
212 with a high C:N ratio and corn stover, fast-pyrolysis with a low C:N ratio), and two crop 
213 sequences (continuous corn and corn-soybean rotation). This resulted in 3 x 3 x 4 x 2 x 2 = 144 
214 simulations. Simulations were run sequentially over a 37-year period (1980-2016), with the first 
215 five years (1980-1984) prior to biochar application excluded from the analysis. Biochar was 
216 applied once in year 1985. Overall, 4,608 data (year x management combinations) on corn yield 
217 (kg ha-1), SOC (%), and NO3-N leaching were used for the scenario study. From these data we 
218 calculated the average percent difference between biochar and no-biochar treatments on corn 
219 yield and NO3 leaching values over the 32-year period. For SOC we calculated the percent 
220 difference between SOC levels in 1985 (pre-biochar application) and 2016 (32-years after 
221 biochar application). 
222 
223 2.5. Economic analysis 
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224 A cost-benefit analysis using a partial budget approach was employed to evaluate the net present 
225 value of expected future private and public net economic benefits of the various biochar 
226 application and residue removal rate scenarios over the 32-year simulation period starting from 
227 2017. We assumed that the effects of biochar on crop yields, SOC levels, and NO3 leaching for 
228 1985-2016 (percentage change) would apply for the next 32 years, and evaluated the future 
229 benefits from 2017 to 2048 following biochar application in 2017. This allowed for greater 
230 insight into whether or not a producer should apply biochar in the present day and at what rate it 
231 should be applied. We used the agronomic and environmental outcomes of the 144 simulations 
232 and assigned literature-driven values to determine the economic costs and benefits relative to the 
233 respective baseline scenario for each cropping system (Calkins and Dipietre, 1983). The net 
234 present value of benefits were the summation of discounted annual benefits over the 32-year 
235 simulation using a commonly employed 5% discount rate (Nordhaus, 2017). We focused the 
236 analysis on the prevailing production baseline scenarios, which were represented by the 2.75 ha 
237 experimental field site that had no biochar, no residue removal, and an N application rate of 225 
238 kg N ha-1 every year in the CC system and 150 kg N ha-1 in corn years of the CS rotation system. 
239 This entailed varying the C:N ratio of the biochar (high or low), the biochar application rate, 
240 application rate of N fertilizer, and rate of residue removal in both the CC and CS systems. From 
241 the analysis we not only derived the net present value of the private and public benefits and the 
242 corresponding equivalent annualized cost, but also determined the private and public breakeven 
243 cost, which represents the maximum per-ton price of biochar the producer could afford to pay. 
244 
245 2.5.1. Net private benefits 
246 The net private benefits were determined from increased cash crop yields relative to the baseline 
247 plus net-revenues due to the sale of residue. As previously discussed, we assumed the same 
248 percentage change in crop yields above the USDA long-term projected trend line yields from 
249 2017 to 2048 (USDA OCE, 2017) as revealed from the APSIM simulations for 1985-2016. 
250 Annual long-term projected nominal corn and soybean prices and a time-constant stover price 
251 were used (USDA OCE, 2017; Edwards, 2014). The $13 per ton net-revenue from corn stover 
252 removal was determined from the price of stover as feed minus the farmers harvest and 
253 transportation costs. We assumed that the private costs were labor and machinery expenses from 
254 a one-time biochar application, plus the additional cost of nitrogen beyond the rate applied in the 
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255 respective baseline scenarios for each system. We also assumed that all other corn and soybean 
256 production costs were identical across the 2.75 ha field in all scenarios. The net present value of 
257 the net private benefits acquired annually and summed over the 32-year period were calculated 
258 using a 5% discount rate by the following equation: 
259 
260 Net private benefits = value from yield increase above future trend line yield + value from sale of 
261 stover – biochar application cost 
262 
263 To calculate the private breakeven cost for a farmer applying biochar, the net private benefits 
264 were divided by the quantity of biochar applied in each scenario. The final value represents the 
265 maximum price a farmer would pay to not lose any revenue by applying biochar, relative to the 
266 baseline scenario. 
267 
268 2.5.2. Net public benefits 
269 The net public benefits were determined from the reduction in NO3-N leaching and the increase 
270 in SOC, which was given a value based on the corresponding reduction in CO2 emissions from 
271 each cropping system. We quantified the value of decreased NO3-N leached relative to the 
272 baseline scenario annually using an equilibrium price implied from water quality trading, $3.13 
273 for each pound nitrate saved (Ribaudo et al., 2014), and summed that over the 32-year simulation 
274 period for each scenario using a 5% discount rate. The reduction in CO2 emitted for each 
275 scenario was calculated annually relative to the baseline scenario, based on average SOC 
276 measures across all 0-30 cm samples, assuming that for every ton increase in SOC there is one 
277 less ton of CO2-C emitted in the future. In this study, we only consider changes in in-field SOC and 
do not attempt to quantify system-wide CO2 changes due to biochar transportation or application. The 
economic value of future CO2 emission reductions 
278 was converted into a dollar amount using a $36 per ton social cost of carbon and a 3% discount 
279 rate (Nordhaus, 2017). Since greenhouse gases are global pollutants, a localized carbon sequestration 
measure was also calculated by scaling 
280 the global value of reduced carbon emissions by Iowa’s share of the global population (Hoque 
281 and Kling, 2016) to estimate the damages from carbon on the local population. Annual net public 
benefits were calculated using the following equation: 
282 
283 Net public benefits = value of reduced NO3-N leaching + reduced CO2 emissions through 
284 improvements in in-field SOC 
11  
285 
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286 2.5.3. Total net benefits 
287 The net present value of the total net benefits were calculated as the sum of the net present value 
288 of the net private benefit and net public benefit. We also calculated an equivalent annualized cost1 
289 assuming a 5% discount rate and a 32-year project life. The public breakeven cost for each 
290 scenario was calculated as the total net benefits divided by the quantity of biochar applied in 
291 each scenario. This value represents the maximum price at which it would benefit all of society, 
292 including the farmer, if the farmer applied biochar. Lastly, the potential benefits associated with 
293 changes in land value were not included in the analysis. 
294 
295 3. Results 
296 
297 3.1. Model performance for corn yields 
298 Across treatments and years, the calibrated model performed well in simulating annual corn 
299 yields in both the CC and CS systems (Table 1). In the CC system, RMSE decreased from 3168 
300 to 1482 kg ha-1, the RRMSE from 34.6 to 16.2%, and the ME increased from -1.03 to 0.56 before 
301 and after model calibration, respectively. Similarly in the CS rotation, the RMSE decreased from 
302 2415 to 1526 kg ha-1, the RRMSE from 23.5 to 14.7%, and the ME increased from -0.3 to 0.49 
303 from the uncalibrated to calibrated model, respectively. 
304 
 
 
Table 1. Model performance before and after calibration in simulating crop yields in 
continuous corn (CC) and corn-soybean (CS) systems (N = 48 plots x 11 years = 528 
per cropping system) 
 
Before calibration After calibration 
 Cropping system RMSE 
kg ha-1 
RRMSE 
% 
ME 
- 
RMSE 
kg ha-1 
RRMSE 
% 
ME 
- 
Continuous corn 3168 34.6 -1.03 1482 16.2 0.56 
Corn-soybean 2415 23.5 -0.30 1516 14.7 0.49 
305        
306        
307 In the no-biochar plots, year-to-year variability in corn yields was simulated well by the model 
308 (data not shown). In only two out of the 11 years (viz. 2006 and 2015) the model underestimated 
309 measured yields for both cropping systems. The model performed slightly better in simulated 
310 corn yields in the CS rotation (RRMSE = 15.0%, ME = 0.60) than in the CC system (RRMSE = 
                                                          
o 1 Equivalent Annualized Cost is equal to net present value (NPV) divided by A(t,r), which is the 
present value annuity factor  
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311 15.9%, ME = 0.57). 
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312 
313 In the biochar plots, model results showed satisfactory agreement between measured and 
314 simulated yields following different years of biochar application (Fig. 1). For the CC system, 
315 both measured and simulated grain yields increased following biochar application for the three 
316 different years of biochar applications (2012, 2013, and 2014, see Fig. 1). A similar increase was 
317 observed for the control plots (Fig. 1), however, the yield increase in the biochar plots, as 
318 determined from the measured data, was 837, 943, and 760 kg ha-1, in 2012, 2013, and 2014, 
319 compared to the no-biochar plots, respectively (data not shown). But this observed yield increase 
320 in the biochar plots is confounded by tillage and thus may not be a true biochar effect (the 
321 experimental site was under strict no-till management except for a single roto tillage operation to 
322 incorporate the biochar into their respective subplots). In the 2012 and 2013 biochar application 
323 years the model showed lower ME compared to their respective controls. Model performance 
324 was equal when the 2014 biochar and no-biochar plots were evaluated with the RRMSE of 17% 
325 and the ME of 0.5. 
326 
327 For the CS rotation the model showed similar results as for the CC system (Fig. S2). Average 
328 corn yields were largely underpredicted in only 2006 and 2016 for the 2012 biochar applied plots 
329 and in 2013 and 2015 for the 2013 biochar applied plots. The relative model error and the ME 
330 were lower for the 2012 biochar plots (RRMSE = 13.6% and ME = 0.31) compared to the no- 
331 biochar controls (RRMSE = 15.8% and ME = 0.62). In the 2013 treatments, the biochar plots 
332 showed greater relative model error than the control plots (RRMSE = 15.3% versus RRMSE = 
333 15.2%) and lower ME (ME = 0.14 versus ME = 0.52). Indicating that overall model performance 
334 is slightly better at estimating corn yields in the control plots then the biochar plots for the CS 
335 rotation system (Fig. S2). 
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337 Fig. 1. Impact of biochar applied in 2012, 2013, or 2014 on corn yields for a CC cropping system 
338 across 11 years. Measured values (black diamonds) are the average of all plots with biochar (left 
339 side) and no-biochar plots (right side) with error bars indicating standard deviations. Predicted 
340 yields (blue line) are the average of all plots with biochar (left side) and no-biochar plots (right 
341 side) with shaded standard deviation bands. 
342 
 
343 3.2. Model performance for soil organic carbon 
344 The model estimated well SOC levels in both biochar and no-biochar plots for both the CC and 
345 CS systems across the 11 years analyzed (Figs. 2 and S3). Across both biochar and no-biochar 
346 plots the model in general overestimated SOC levels in 2012 and 2013. While in the biochar 
347 plots, regardless of year of biochar application, the model underestimated SOC levels in 2016 
348 only. In both cropping systems model predictions of SOC varied little, while measured data were 
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349 more variable (Figs. 2 and S3). This is attributed to sampling variability from field 
350 measurements. 
351 
352 Relative model error was higher but overall model performance was better in the biochar plots 
353 compared to the control plots for both the CC and the CS systems (Figs. 2 and S3). For both 
354 cropping systems, model agreement between the predicted and measured SOC data was best for 
355 the 2014 biochar application year, with the RRMSE = 21.2 and the ME = 0.45 in CC and the 
356 RRMSE = 26.5 and the ME = 0.22 in CS. Overall, both simulated and measured data showed 
357 similar trends over time for SOC levels. 
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361 Fig. 2. Percent SOC across 11 years as impacted by biochar applied in 2012, 2013, or 2014 for 
362 the CC system. Measured values (black diamonds) are the average of all plots with biochar (left 
363 side) and no-biochar plots (right side) with error bars showing standard deviations. Predicted 
364 yields (blue line) are the average of all plots with biochar (left side) and no-biochar plots (right 
365 side) with shaded standard deviation bands. 
366 
367 3.3. Model scenario analysis 
368 We used the calibrated model to simulate the impact of two biochar types, four biochar 
369 application rates, three residue removal rates, and three nitrogen fertilizer rates on corn yields, 
370 nitrate leaching and SOC levels over a 32 year period. Overall the changes in average corn yields 
371 attributable to biochar were small over the 32-year simulation period and across all scenarios. 
372 The largest simulated effect was a yield decline of 2.6% for the CC system with application of 90 
373 Mg ha-1 high C biochar, 0% residue removal, and a fertilization rate of 75 kg N ha-1 (Fig. 3), 
374 which would put the corn crop under considerable N stress. The 2.6% yield loss equates to a total 
375 of 6112 kg ha-1 (97 bu ac-1) or an average of 191 kg ha-1 yr-1 (3 bu ac-1 yr-1) over the 32-year 
376 simulation period. 
377 
378 Although the overall effect of biochar on corn yields was small, the model indicated a complex 
379 cropping system by N fertilization rate by biochar application rate by residue removal rate 
380 interaction. Simulated corn yields for the CC and CS cropping systems showed different trends 
381 for residue removal rates for the 75 and 150 kg N ha-1 fertilization rate scenarios (Fig. 3). For the 
382 CC system, the 75 kg N ha-1 fertilization rate without residue removal resulted in the largest 
383 yield decline followed by the 90% and then 50% residue removal rates, regardless of biochar 
384 application rate. At the same fertilization rate but for the CS rotation system, a residue removal 
385 rate of 50% had the largest yield decline followed by the 90% and then 0% residue removal 
386 rates, regardless of biochar application rate. At the 150 kg N ha-1 fertilization rate corn yields 
387 decreased for all biochar application and residue removal rates compared to the no-biochar 
388 control for the CC system. Whereas in the CS rotation system corn yields were positive for the 
389 0% and 50% residue removal rates and negative for the 90% residue removal rate regardless of 
390 biochar application rate (Fig. 3). These differences are attributed primarily to biochar and crop 
391 residue effects on N immobilization/mineralization with a lesser effect due to soil water. 
392 Specifically, the model predicted that biochar applications would decrease N availability to the 
393 crop while the labile C in biochar is being decomposed due to N immobilization. The effect of 
18  
394 biochar treatments on corn yields was positive at the 225 kg N ha-1 fertilization rate regardless of 
395 biochar application and residue removal rates (Fig. 3). At the 225 kg N ha-1 fertilization rate, N 
396 availability is no longer limiting to crop growth and hence the positive aspects of biochar on soil 
397 quality boost yields. 
398 
399 The high and low C biochar treatments had similar effects on simulated corn yields with only a 
400 decreased magnitude of change relative to the control observed for the low C biochar compared 
401 to the high C biochar treatments (Fig. 3). When the low C biochar type was applied the greatest 
402 yield decline was less than 2% in the CC system scenario of 75 kg N ha-1, 0% residue removal, 
403 and 90 Mg ha-1 biochar (Fig. 3). The difference is attributed to the lower C:N ratio of the low C 
404 biochar relative to the high C:N ratio of high C biochar, which means less N immobilization 
405 during decomposition of the low C biochar relative to the high C biochar. 
406 
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409 Fig. 3. Differences in average corn yields (kg ha-1) between biochar and no-biochar control 
410 treatments for the 32 year simulation (1985-2016) in CC and CS rotation systems under different 
411 N fertilization and residue management scenarios and when two types of biochar (a low C 
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412 content and low C:N ratio biochar and a high C content and C:N ratio biochar) were applied in 
413 1985. 
414 
 
415 The simulations showed similar patterns for NO3 leaching as were observed for corn yields (Fig. 
416 4). Simulation results indicate that application of both the high and low C biochars decreased 
417 NO3 leaching through the root zone (NO3 leached below 1.5 m) for all N fertilization and residue 
418 removal rates and for both cropping systems (Fig. 4). The percent reduction in NO3 leaching 
419 attributed to the biochar treatments relative to the no-biochar controls increased with the N 
420 fertilization rate and the amount of biochar applied. The maximum impact on NO3 leaching for 
421 both cropping systems was a reduction of about 10% when the low C biochar was applied and a 
422 nearly 20% reduction when the high C biochar was applied (Fig. 4). This difference is attributed 
423 to the C:N ratio of the biochar and the availability of biochar C for N immobilization. 
424 
425 Residue removal decreased NO3 leaching for the 75 and 150 kg N ha-1 N fertilization rates, by 
426 contrast residue removal increased NO3 leaching for the 225 kg N ha-1 fertilization rate (Fig. 4). 
427 These differences are attributed to N being limiting to the crop at the 75 and 150 kg N ha-1 
428 fertilization rates, so as more residue is removed the availability of N increases, enhancing root 
429 growth, and reducing NO3 leaching. Whereas, at the 225 kg N ha-1 fertilization rate, N is not 
430 limiting plant growth, thus as residue removal increases, N immobilization decreases, and NO3 
431 leaching increases. 
432 
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434 Fig. 4. Average difference in NO3 leaching for the 32 year simulation (1985-2016) between 
435 biochar and no-biochar control treatments for the CC and CS rotation systems under different N 
436 fertilization and residue management scenarios and when low/high C content and C:N ratio 
437 biochars were applied in 1985. 
438 
 
439 The 32-year simulation indicates that biochar applications, biochar type, and residue removal 
440 rate have large impacts on SOC levels while cropping system, and N fertilization rate have 
441 relatively small effects on SOC levels (Fig. 5). There was a direct relationship between biochar 
442 application rate and the increase in SOC content at the end of the 32-year simulation. For the no- 
443 biochar control scenarios, SOC levels increased over time for the 0% residue removal treatment 
444 but decreased over time for the 50% and 90% residue removal treatments. For the scenarios with 
445 22, 45, 90 Mg ha-1 biochar application rates, as percent residue removal increased, the percent 
446 increase in SOC levels decreased but were higher than the initial SOC levels because of the 
447 biochar C. When the low C biochar was applied, the simulations indicate a smaller increase in 
448 SOC levels over 32 years relative to the simulations using the high C biochar. This observation is 
449 attributed to the lower C content and C:N ratio of the low C biochar. 
450 
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453 Fig. 5. Average change in total soil organic carbon levels for the 32 year simulation (1985-2016) 
454 in CC and CS rotation systems under different N fertilization and residue management scenarios 
455 and when low/high C content and C:N ratio biochars were applied in 1985. 
456 
457 3.4. Economic analysis 
458 The cost-benefit analysis indicated that sufficient N is needed to ensure a positive net benefit 
459 from biochar applications. If the crop is already short on N, a biochar application will exacerbate 
460 the N shortage resulting in a significant yield drag, or lower yield relative to prevailing practices (Tables S5, S6, 
and S7). The assessment of 
461 private benefits indicated that as residue removal rates increase both the corn crop revenue and 
462 stover sale value increase (Tables S5, S6, and S7). When the N rate is low the corn crop revenue 
463 is negative relative to the baseline but as stover removal rate increases the value becomes less 
464 negative, while at higher rates of N, the corn crop revenue is positive and increases with 
465 increasing biochar application rate (Tables S5, S6, and S7). Also, the net private benefits are 
466 boosted significantly as residue removal rate increases due to a higher value from the sale of corn 
467 stover, which at the same time diminishes the value of crop yield enhancements. While some scenarios without 
biochar reveal a yield revenue decline due to residue removal, it is outweighed by the private value of stover sale. 
However, we do not consider potential future crop yield losses, especially in the continuous corn production 
system, due to the depletion of soil organic matter resulting from continuous residue removal without 
22 
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replenishment from biochar. 
468 
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469 Our results reveal that the public benefits of biochar application, when coupled with the ability to 
470 harvest more crop residue, significantly outweigh the private benefits enjoyed by the farmer 
471 (Figs. 6 and S1). Importantly, the global public benefits are overwhelmingly driven by the benefits 
from 
472 reduced CO2 emissions, especially for scenarios with higher biochar application rates and higher 
473 stover removal rates. In fact, at 50 or 90% residue removal rates, the public benefits from the 
474 reduction in NO3 leaching are substantially lower than the benefits that result from avoided CO2 
475 emissions (Tables S5, S6, and S7). It is important to note that the public benefits of reduced nutrient 
runoff and carbon emissions are often external to farmers’ biochar adoption and application decisions, 
unless they are recognized and monetized in the form of cost-share funding for farmers or market price 
premiums for farmers preserving long-term health via biochar application In this study, the private 
benefits alone were not sufficient to guarantee a positive net private return from biochar application. 
476  
477 Furthermore, the marginal public benefit of reducing CO2 emissions due to additional biochar 
478 application is stagnant or lower; in other words, a higher biochar application rate actually causes 
479 a lower maximum price a farmer could afford to pay for biochar. In contrast, a higher biochar 
480 application rate leads to a greater reduction in NO3 leaching, while residue removal reduces NO3 
481 leaching when N is insufficient for crop needs but increases NO3 leaching when N is sufficient to 
482 meet crop needs. 
484 
485 The breakeven price, both public and private, for farmers applying biochar increases as residue 
486 removal rates increase and decreases as biochar application rates increase for both cropping 
487 systems and high and low C and C:N ratio biochars. Lastly, results show that a high C and C:N 
488 ratio biochar results in greater benefits then a low C and C:N ratio biochar across all scenarios 
489 (Figs. 6 and S1; Tables S5, S6, and S7). 
490 
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493 Fig. 6. Net private and net global public benefits for the CC and the CS rotation systems for 
494 different biochar application rates, 0% residue removal, and when a high C biochar (blue bars) 
495 and low C biochar (red bars) is applied. Values are relative to the baseline scenarios of no 
496 biochar, 0% residue removal, and 225 kg N ha-1 and 150 kg N ha-1 for the CC and the CS 
497 rotation systems, respectively. 
498 
499 
500 4. Discussion 
501 This is the first study that evaluates the long-term (32-years) effect of a set of management 
502 practices (biochar application rates x biochar types x N fertilization rates x residue removal 
503 practices) on agro-ecosystem and economic performance for decision-making purposes. In the 
504 era of corn stover residue harvesting for bioenergy production it is critical to determine the 
505 environmental and economic trade-offs of various management strategies to ensure long-term 
506 system sustainability. Our results suggest that a single application of 22 Mg ha-1 biochar can 
507 support the sustainability of harvesting >50% corn residue annually for 32 years. Here 
508 sustainability means that SOC levels increased and NO3 leaching decreased when biochar was 
509 applied relative to no-biochar controls. 
510 
511 4.1. Model performance in simulating corn yields and SOC 
512 
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513 This study calibrated the APSIM biochar model for a new site in central Iowa and used the 
514 calibrated model to evaluate various management scenarios. Overall, the calibrated model with 
515 and without biochar additions performed well in predicting year-to-year variability in corn yields 
516 and SOC levels (Figs. 1-2). The RRMSE of 15% for corn yield is comparable with other 
517 simulation studies in this region (Malone et al., 2007; Puntel et al., 2016). We achieved this good 
518 performance with only two changes: cultivar specific parameters and precise management 
519 information from year to year (plant density counts). No attempts were made to further improve 
520 the RRSME of 15% because according to He et al. (2017) targeting model calibration with even 
521 lower RRMSE values is pointless because the simulated error cannot be lower than the inherent 
522 error in the measured data used for calibration. 
523 
524 The model showed generally good agreement with measured SOC levels for both plots with and 
525 without biochar (Fig. 2). The models response to biochar application was an immediate increase 
526 in SOC levels (Fig. 2). The biochar used during model performance evaluation was a high 
527 carbon hardwood biochar (76% C) that also had a high C:N ratio of 232:1. Thus, the immediate 
528 increase in the predicted SOC values was not surprising. The rate of increase and the duration of 
529 the higher SOC levels simulated by the model will change if a low carbon biochar is used. This 
530 is why it was important to consider the impacts of applying two different types of biochar in the 
531 scenario analysis. In this study, the priming coefficient in the biochar model was set to zero, 
532 which is the baseline assumption that biochar neither stimulates degradation of biogenic SOM 
533 nor does it enhance the formation of new biogenic SOM. We used a value of zero for the priming 
534 coefficient because the literature on the effects of biochar on SOM formation/mineralization is so 
535 far inconsistent. The fact that simulated and measured SOC values followed the same trends 
536 suggests that the priming effect of biochar was negligible in our study, but more research on 
537 biochars effect on priming is needed. 
538 
539 4.2. Model application 
540 
541 The long-term APSIM simulations revealed a range of options for decision makers to consider. 
542 The negligible effect of biochar applications on corn yields and the observed increasing corn 
543 yields as N fertilization rate increased were expected for the high-quality soils in central Iowa. 
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544 By contrast, variable effects of biochar applications on corn yields have been reported in other 
545 field studies (Major et al., 2010; Uzoma et al., 2011; Cornelissen et al., 2013; Rogovska et al., 
546 2016; Laird et al., 2017). Whether the effect of biochar is positive or negative is environment, 
547 climate, and soil type dependent and other scenarios are likely to indicate different results. 
548 
549 One limitation of the APSIM model is that it does not yet simulate the effects of allelopathy on 
550 corn yield predictions. Allelopathic compounds are released from decomposing crop residues 
551 and can have harmful carryover effects. Because of allelopathy, the presence of high residue 
552 loads from the previous year can decrease early seedling growth resulting in decreased crop 
553 yields in continuous corn systems (Rogovska et al., 2014; 2016). Removing some or all of the 
554 surface residue can improve yields by reducing the release of allelopathic compounds. At the 
555 same time, in scenarios where residues are left on the field and biochar is applied, corn yields 
556 have been found to increase from 0.8 – 3.8 Mg ha-1 depending on biochar application rate, due to 
557 the adsorption and deactivation of allelopathic compounds onto biochar surfaces (Rogovska et 
558 al., 2014; 2016). In the scenarios evaluated here the potential positive impacts on corn yields, in 
559 response to residue removal and biochar applications, were not considered. The inclusion of 
560 algorithms that account for allelopathic effects and the potential reduction in the harmful effects 
561 of allelopathic compounds due to biochar additions should be considered as future APSIM 
562 development work. 
563 
564 The observation that residue removal decreases NO3 leaching for the two lower N fertilization 
565 rates (75 and 150 kg N ha-1) but increases NO3 leaching for the higher fertilization rate (225 kg N 
566 ha-1) (Fig. 4) is attributed to the combined effects of the biochars C:N ratio and the amount of 
567 residue remaining as well as residue impacts on soil cover and soil water evaporation. When a 
568 biochar with a high C:N ratio is applied and there is greater residue left on the field, top soil N 
569 immobilization limits NO3 leaching (Fig. 4). When N fertilizer is already limiting, in the case of 
570 the 75 and 150 kg N ha-1 rate scenarios, and more residue is removed, a smaller fraction of N is 
571 immobilized. This lower rate of N immobilization means more N is available to the plant 
572 stimulating root growth, better root growth improves the efficiency of plant N uptake and 
573 reduces NO3 leaching. However, when N is present in excess (225 kg N ha-1 rate scenario), root 
574 growth is not limited by N, and hence there is no improvement in N uptake efficiency, however 
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575 higher levels of residue increase N immobilization and thus NO3 leaching is reduced with 
576 decrease residue removal. When biochar has a low C content and a low C:N ratio, the effects of a 
577 biochar application on N immobilization are significantly lower (Fig. 4). Therefore biochar 
578 quality also has a big effect on N availability and potentially crop growth and yield. 
579 
580 Overall, the results of these scenario simulations highlight the importance of evaluating biochar 
581 quality. Different biochars impact agricultural systems and the environment differently and thus 
582 need to be produced and applied for specific end-uses (Spokas et al., 2012; Novak and Busscher, 
583 2012; Ippolito et al., 2012). 
584 
585 4.3. Economic analysis 
586 
587 The cost-benefits analysis assumed that if farmers could purchase biochar for the  
588 breakeven price in a given scenario they could afford to pay for biochar, hence the  
589 breakeven price is a crude measure of the farmer’s maximum willingness to pay to apply 
590 biochar. Considering private benefits alone, under current prevailing management practices that 
591 include no residue removal, it is difficult to justify the procurement and application of biochar. 
592 For example, assuming a 32-year project life, the net present value of net private benefits for a 
593 22 Mg ha-1 biochar application would translate into an equivalent annual cost of a $5 loss per 
594 hectare for a farmer with no residue removal, but a $39 gain per hectare with 50% residue 
595 removal. Thus, in cases of residue removal the application of biochar potentially becomes 
economically 
596 viable, assuming a sufficiently low biochar price,  because the biochar makes the long-term 
harvesting of residue sustainable, otherwise SOC and crop yields could drop with sustained residue 
removal. Furthermore, 
597 the farmer could be compensated via cost-shares or environmental trading schemes for the public 
598 benefits accrued from applying biochar (decreased NO3 leaching and C sequestered/decreased 
599 CO2 emitted). In the 36 difference scenarios evaluated here we showed that a lower biochar 
600 application rate, 22 Mg ha-1, tends to yield higher per-ton benefits and a higher per-ton 
601 breakeven price the farmer would be able to pay for biochar. For example, a farmer can afford to 
602 pay $28 per ton for biochar when applying biochar at a rate of 22 Mg ha-1, based on the private 
603 gains resulting from higher yields and the ability to sustainably harvest 50% of the residue. 
604 
605 Across all scenarios the application of biochar appeared to be more beneficial in the CC system 
25 
 
 
606 compared to the CS rotation system, which may be linked to a lower N application rate in the CS 
25 
 
 
607 rotation system due to soybeans ability to fix nitrogen during the growing season, and thus less 
608 NO3 leached from the system. Under prevailing nitrogen application rates in central Iowa a yield 
609 drag is unlikely with biochar applications, however, a higher initial nitrogen application rate   
610 immediately after biochar application is recommended. 
611 
612 The private benefits were predominantly driven by yield gains when N was sufficient, which  
613 tended to be minimal compared to the potential public benefits that would result from increasing 
614 SOC levels and reducing NO3 leaching rates. However, the private benefits alone were not 
615 sufficient to guarantee a positive net private return from biochar application, as implied by the 
616 negative per-ton price if only private yield benefits were considered and there was no corn stover 
617 removal More research is needed to quantify the yield benefits in regions with poorer soil quality to 
realize greater private yield benefits, such as in U.S. Southeast. In contrast, the public benefits, while large, need 
to be monetized in the forms of agri-environmental payments to farmers via programs like cost shares to 
provide additional economic incentives for greater biochar adoption. Further, while an increase in biochar 
application rate, holding other things constant,  618 would increase the total private and public 
benefits, the maximum price a farmer could  
619 pay for the biochar may not necessarily increase. Lastly, the greater the residue removal rate the 
620 more cost-effective the scenario was because there is a high value associated with selling the   
621 residue and greater reduction in NO3 leaching rates. Assuming a sufficiently low biochar price, 
farmers could use biochar to mitigate the negative yield impacts resulted from sustained residue removal, thus 
potentially achieving higher benefits for both farmers and society  
623 However, the potential impact of greater residue harvesting on soil erosion rates was not 
624 evaluated in this study, but is an important factor to consider when assessing total system 
625 sustainability. Wilhelm et al. (2004) reported that maintaining SOC levels, not erosion, limits the 
626 amount of residue that can be sustainably harvested. Hence, with biochar applications sustaining 
627 SOC levels, sustainable rates of residue harvesting for bioenergy production could be increased. 
628 
629 
630 5. Conclusions 
631 
632 The findings from this study demonstrated that over a 32-year period biochar applications can 
633 eliminate negative effects of residue harvesting on soil quality while at the same time reducing 
634 nitrate leaching, increasing soil organic carbon, and not impacting corn yields. Specifically, at 
635 least 50% of the residue can be removed annually for 32 years if a one-time application of 22 Mg 
26 
 
 
636 ha-1 biochar is made. The simulations revealed that corn yields are most affected by the amount 
637 of N applied and not by the addition of biochar or residue removed. The opposite was observed 
638 for NO3 leaching, with increasing rates of biochar leading to the greatest reduction in NO3 
26 
 
 
639 leaching. Biochar applications are also effective for building soil organic carbon even under   
640 increasing rates of residue removal. This finding in particular, could have important positive  
641 implications for the US bioenergy industry while improving the sustainability of our agricultural 
642 systems. The cost-benefit analysis revealed that the public benefits that result from applying   
643 biochar coupled with the ability to harvest more residue, significantly outweighed the private 
644 benefits. Biochar applications are an economically viable option in Iowa when at least 50% of 
645 the residue is harvested for sale; which can be done in an environmentally sustainable way. 
646 
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Table S1. Soil water profile parameters used in model calibration and application for both the continuous corn and corn-soybean 
rotation systems. Key: bulk density (BD), air dry limit (AirDry), water content at 15 bar (LL), water content at 1/3 bar (DUL), 
saturation point (SAT), saturated hydraulic conductivity (KS), plant available water capacity (PAWC), maximum root water extraction 
rate (KL), and constraints to root growth (XF; 1 = no constraint to growth). 
 
Depth 
(cm) 
BD 
(g/cc) 
AirDry 
(mm/mm) 
LL15 
(mm/mm) 
DUL 
(mm/mm) 
SAT 
(mm/mm) 
KS 
(mm/day) 
Maize/Soy 
LL 
Maize/Soy 
PAWC 
Maize/Soy 
KL 
Maize/Soy 
XF 
0-5 1.276 0.099 0.163 0.321 0.596 296.000 0.163 7.9 0.08 1.0 
5-15 1.434 0.109 0.173 0.329 0.564 296.000 0.173 15.6 0.08 1.0 
15-30 1.271 0.098 0.179 0.349 0.630 235.000 0.179 25.5 0.08 1.0 
30-50 1.244 0.167 0.167 0.328 0.611 171.000 0.167 32.2 0.08 1.0 
50-75 1.346 0.157 0.157 0.316 0.601 143.000 0.157 39.8 0.05 1.0 
75-100 1.346 0.157 0.157 0.316 0.601 129.000 0.157 39.8 0.05 1.0 
100-140 1.346 0.157 0.157 0.316 0.601 129.000 0.157 63.6 0.03 1.0 
140-180 1.346 0.157 0.157 0.316 0.601 129.000 0.157 63.6 0.01 1.0 
180-220 1.346 0.157 0.157 0.316 0.601 129.000 0.157 0.0 0.01 0.0 
 
 
Table S2. Soil organic matter profile parameters used on 1/1/2000 for model calibration and 1/1/1980 for model application of both 
the continuous corn and corn-soybean systems. Key: soil organic carbon (OC), fraction of carbon in biom pool (FBiom), fraction of 
inert carbon (FInert). 
 
Depth (cm) OC (total %) FBiom (0-1) FInert (0-1) 
0-5 2.229 0.100 0.400 
5-15 2.174 0.090 0.400 
15-30 2.264 0.080 0.574 
30-50 1.561 0.070 0.800 
50-75 1.324 0.060 0.810 
75-100 1.324 0.030 0.850 
100-140 0.500 0.030 0.880 
140-180 0.400 0.010 0.890 
180-220 0.300 0.010 0.910 
 
1 
  
Table S3. Biochar parameters used for both the continuous corn and corn-soybean rotation 
systems. During model initialization and calibration ‘date of biochar application’ was variable 
depending on experimental data (05/14/2012, 05/08/2013, 05/10/2014). During model 
application ‘date of biochar application’ was fixed at 05/08/1985, while ‘amount of biochar 
applied (kg/ha)’ changed depending on the scenario (0, 22417, 44833, 89666). 
 
 
Description Value 
(High C biochar) 
Date of biochar application (mm/dd/yyyy)  05/08/1985, 
05/14/2012 - 5/10/2014 
Value 
(Low C biochar) 
05/08/1985 
amount of biochar applied (kg/ha) 22417 - 89666 22417 - 89666 
fraction carbon in biochar (0-1) 0.76 0.46 
fraction of biochar lost during application (0-1) 0.02 0.02 
mean residence time for labile biochar pool (years) 1 1 
mean residence time for resistant biochar pool (years) 500 500 
biochar labile fraction (0-1) 0.13 0.11 
fraction of decomposed biochar that goes to OC pools (0-1) 
(biochar efficiency) 
0.4 0.4 
fraction of decomposed biochar that goes to biom (0-1) 0.05 0.05 
biochar CN ratio 232 76 
sand (0-1) 0.46 0.46 
clay (0-1) 0.24 0.24 
priming coefficient for biom pool (-1 to 1) use 0.05 0 0 
priming coefficient for hum pool (-1 to 1) use 0.05 0 0 
priming coefficient for cell pool (-1 to 1) use 0.08 0 0 
priming coefficient for carb pool (-1 to 1) use 0.08 0 0 
priming coefficient for lign pool (-1 to 1) use 0.08 0 0 
negative priming coefficient for internal C partitioning (use 0.1 for 0 0 
20 Mg), biom 
negative priming coefficient for internal C partioning (use -0.1), 0 0 
biom 
negative priming for internal C partitioning (use 0.1 for 20 mg),fom 0 0 
negative priming for internal C partitioning (use -0.1 for 20 mg), 0 0 
fom 
C/N ratio of biom pool: 8 8 
C/N ratio of soil stuff: 12 12 
Biochar incorporation depth (mm): 200 200 
Slope of dul quality equation (default 0.33) 0.15 0.15 
Slope of bd quality equation (default 0.33) 0.15 0.15 
Biochar LV (cmol/kg?) 50 50 
Biochar ECEC (cmol/kg) 187 187 
Biochar cnrf coefficient (0-1) 0.693 0.693 
Optimum cn ratio for bc 25 25 
Biochar WFPS factor (0-1) 1 1 
Biochar nh4 absorption coefficient (Langmuir) 0.006 0.006 
Biochar nh4 desorption coefficient (Langmuir) 0.006 0.006 
2 
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Table S4. Changes made to the B_110 maize cultivar during model calibration. Units of growing degree days (GDD). 
 
Description Original value Updated value 
Emergence to end of juvenile (GDD) 214 250 
Flowering to maturity (GDD) 885 820 
Flowering to start of grain fill (GDD) 150 170 
Maturity to ripening (GDD) 1 180 
 
 
 
Table S5. Results of the cost-benefit analysis when biochar application rate changes and no residue is removed. Values are relative to 
the baseline scenarios of 225 kg N ha-1 and 150 kg N ha-1 for the CC and the CS rotation systems, respectively, with no residue 
removal, and no biochar. 
 
 
4 
Table S6. Results of the cost-benefit analysis when biochar application rate changes and 50% of the residue is removed. Values are 
relative to the baseline scenarios of 225 kg N ha-1 and 150 kg N ha-1 for the CC and the CS rotation systems, respectively, with no 
residue removal, and no biochar. 
 
 
 
 
5 
Table S7. Results of the cost-benefit analysis when biochar application rate changes and 90% of the residue is removed. Values are 
relative to the baseline scenarios of 225 kg N ha-1 and 150 kg N ha-1 for the CC and the CS rotation systems, respectively, with no 
residue removal, and no biochar. 
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Fig. S1. Net private and net local (Iowa) public benefits for the CC and the CS rotation systems for 
different biochar application rates, 0% residue removal, and when a high C biochar (blue bars) and low C 
biochar (red bars) is applied. Values are relative to the baseline scenarios of no biochar, 0% residue 
removal, and 225 kg N ha-1 and 150 kg N ha-1 for the CC and the CS rotation systems, respectively. 
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Fig. S2. Corn yields as impacted by two different field ages of biochar under CS rotation system 
(biochar applied in 2012 or 2013). Measured values (black diamonds) are the average of all plots 
with biochar (left side) and no-biochar control plots (right side) with standard deviation bars 
across all 11 years. Predicted yields are represented by the blue triangles. 
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Fig. S3. Percent SOC across 11 years as impacted by two different field ages of biochar (biochar 
applied in 2012 or 2013) for the CS rotation system. Measured values (black diamonds) are the 
average of all plots with biochar (left side) and no-biochar control plots (right side) with bars 
showing standard deviations. Predicted yields are represented by the blue line. 
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